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1DUTY TESTS OP A COMPOUND DUPLEX
STEAM PUMP
Introduction
This thesis was written as a fulfilment of one of the 
requirements for obtaining the degree of B. S. in Mechani­
cal Engineering at the University of Illinois. The tests 
were run and the calculations made under the direct super­
vision of Mr. H. F. Godeke of the Mechanical Engineering 
Department.
The object of these tests is to determine the duty and 
efficiencies of a Fairbanks-Morse compound duplex steam pump 
at various heads and capacities.
CHAPTER I.
Purpose of Tests, Description of Apparatus and Methods
of Experimentation.
1. Description of Apparatus Tested.- The pump tested, 
which was recently installed (Oct., 1912) in the Mechanical 
Engineering Laboratory of the University of Illinois, was 
built by the Fairbanks-Morse Company of Beloit, Wisconsin. 
This pump is one of the compound duplex steam pumps built 
by this Company, and has the general dimensions listed belows
(1) Rated capacity of pump.........  300 gal. per minute.
(2) Rated piston speed.........  80 ft. per minute.
(3) Rated length of stroke.........  12 inches.
(4) Diameter of pump cylinders...... 7 inches.
(5) Diameter of H. P. steam cylinders 8 inches.
(6) Diameter of L. P. steam cylinders 12 inches.
(7) Diameter of H. P. steam piston
nods.......................... 1 5/16 inches.
(8) Diameter of L. P, steam crank end
piston rods.................. 1 3/4 inches.
(9) Diameter of water cylinder plun­
ger rods....... '............ . 1 3/4 inches.
(10) Diameter of steam pipe....... . 1 l/2 inches.
(11) Diameter of exhaust pipe.... 3 inches.
(12) Diameter of discharge pipe. 5 inches.
(13) Diameter of suction pipe.... 6 inches.
(14) Cylinder ratio..................  2 1 / 4  to 1.
The steam is used non-expansively in the high pressure 
cylinder and in the low pressure cylinder. The valves of 
the cylinders are arranged in such a manner that the stroke 
of the pump may be increased or diminished at will by opening 
or closing cushioning valves which permit some exhaust steam 
to be trapped in front of the piston thus forming a cushion. 
In all the tests the exhaust steam from the high pressure 
cylinder was used again in the low pressure cylinder, but 
live steam may be by-passed into the low pressure cylinder 
when it is necessary to pump large quantities of water at 
a very high head.
2. Testing Apparatus. (a) Gages. All the gages wore 
calibrated before the tests were run on the American Gage 
oil tester, with the exception of the vacuum gage which 
was tested with a U-shaped mercury manometer. In the fol­
lowing table are listed the mages used.
Make Number Type Range Position
Ashcroft• 34774 Bourdon 0-300 Discharge pipe
American 352169 Bourdon 30"Hg.-15 lb. Exhaust pipe
American 852168 Bourdon 30wHg.-15 lb. Suction pipe
American 87330 Bourdon 0-200 Steam pipe
(b) Weighing Apparatus. The apparatus for weigh­
ing the condensate consisted of a cylindrical tank with a 
quick opening gate valve and mounted on a set of platform 
scales made by the Buffalo Scale Company.
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(c) Calorimeter. The calorimeter which was 
placed in the steam pipe leading to the steam cylinders 
was of the home made throttling type, being made from pipe 
fittings.
(d) Indicators. All indicator springs used on 
the water cylinders were calibrated by means of the Ameri­
can dead weight tester and all springs used on the steam 
cylinders were tested on the steam drum tester. The fol­
lowing list gives the indicators and the springs used on 
the test.
Indicator Number Position Springs
Crosby 089 H. P. steam N oGO*O<co
Thompson 1282 L. P. steam N 20,30,40
Tabor 2325 C. S. water N 60,80,100
Tabor 2418 H. E. water N 60,80,100,120
Crosby 3309 H. P. steam S 40,60,80
Thompson 2367 L. P. steam S 20,30,40
Tabor 2419 C. E. water S 50,80,100
Tabor 2329 H. E. water S 50,80,100,120
(e) Reducing Motion. The reducing motion con­
sisted of two oscillating bars, one on each side of the 
pump, each actuated by a spiral cam which in turn was 
moved by a roller which was pivoted to a coupling on the 
piston rod.
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(f) Recording Apparatus. The instrument for meas­
uring the water in these tests was a Lea V notch recorder, 
manufactured by the Yarnall-Waring Company of Philadelphia.
The apparatus depends on the laws governing the flow of 
water through weirs. It consists of a spindle rigidly 
attached to a float which rides on the surface of the water 
flowing over the V notch. The spindle passes up through 
the bottom of the instrument case and gears by means of a 
rack into a small pinion upon the axis of a drum revolving 
between centers. Upon the body of the drum is a screw- 
thread, the contour of which is the curve of flow for a 
90 degree V notch weir and, as the flow through the notch 
increases rapidly with the depth, the pitch of the screw 
increases in the same proportion. Above this drum is a 
horizontal slider bar supported on small pivoted rollers 
and carrying an arm at the upper end of which is a pen 
point in contact with a paper chart upon a clock driven 
recording drum which revolves once in hours. As the 
float arises or falls the drum spiral is rotated and its 
motion imparted to the slider bar and pen arm by means of a 
saddle arm projecting from the latter and engaging at its 
lower end with the screw thread. On the body of the drum 
is a graduated scale adjacent to the screw thread and 
reading in pounds of water per hour. 0n the upper end 
of the float spindle is a pointer which registers on a 
gradtxated scale the head on the weir.
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(g) Condenser. The condenser used for condensing 
the exhaust steam was one of the double flow surface type 
manufactured by the Wheeler Engineering Company. The 
condenser contained 225 square feet of cooling surface, 
the air and water cylinders were 8 inches in diameter and 
the steam cylinder was 6 inches in diameter.
3. Theory. The pump tested was, as before stated, 
of the compound duplex type, and the steam is used non- 
oxpansively both in the high and low pressure cylinder.
On account of this pump being of the compound steam type 
its water rate would be low in comparison with the water 
rate of a single cylinder pump, because the initial con­
densation increases rapidly with a large range in pres­
sure and a corresponding variation in temperature in each 
cylinder.
(a) Water Horse-power. The water horse-power
i
is the i. h. p. of the water end of the pump as obtained 
by the use of indicator diagrams.
(b) Duty. The dirty of a pump is the number of 
foot pounds of work done per million B. t. u. supplied.
(c) Capacity. The capacity of a pump is usually 
expressed as the number of gallons of water that can be 
pumped against a specified head for a certain length of 
time. In large pumps the capacity is usually taken as the 
number of gallons per 24 hours. In small pumps it is 
usually expressed in gallons per minute.
7.
(A) Friction horse-power. The friction horse­
power or the horse-power consumed in the moving parts 
of the pump is the difference between the steam i. h. p. 
and water i. h. p.
(e) Indicated horse-power. The indicated horse-
.
power of the steam cylinders is the total horse-power com­
puted by the use of the indicator diagrams taken from these 
cylinders.
( f )  Potential efficiency. The potential effi­
ciency is the ratio of work done by the actual engine per 
pound of steam to that done by the Rankin engine working 
under the same conditions of initial and final pressure 
and initial quality of steam.
(g) Thermal efficiency. The ratio of the heat 
transformed into useful work to the total heat supplied 
is termed the thermal efficiency of the engine#
Potential and thermal efficiency in these tests are 
based on the indicated horse-power of the steam cylinders.
4. Discussion of Methods of Experimentation.- One 
hour tests were run at various heads and capacities and 
readings were taken at five-minute intervals. The water 
was pumped against heads of 350, 275, 200, and 125 feet, 
and under each of these heads the capacities were 300,
225, 150 and 75 gallons per minute, making sixteen tests 
in all.
The head was varied by means of a globe valve in the 
discharge pipe and also by means of throttling the steam.
The head was set somewhat below the required head by
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means of the globe valve, and then by regulating the throt­
tling valve in the steam line, the head and capacity were 
brought up to the required condition. In order to have 
conditions constant, the pump was allowed to run sometime 
before the test was started.
CHAPTER II.
Discussion of Results.
6. General Discussion of Results. Possibly one of 
the items which affected the correctness of the results 
the most was the method employed in counting the strokes.
The number of strokes were counted for a minute but only 
full strokes were taken into consideration. In pumping 
at high capacities the amount of water pumped computed 
by the cylinder displacement method would be very little 
in error because the number of strokes were 80 per minute, 
thus an error of one-half a stroke would be less than 
one per cent error in strokes. At low capacities, however, 
this error is not negligible and as is seen from the re­
sults the slip could not be computed for the last eight 
tests because the amount of water actually pumped, using 
the recorder value, was greater than the amount that actual­
ly could be pumped assuming the number of strokes per min­
ute to be correct.
Indicator cards were taken as near as possible at 
ten minute intervals, but on account of the lack of help 
all eight cards could not be taken at the same time. This
16.
would be a source of error in both the mean effective 
presatire and stroke but the error would be more or less 
compensating.
Because of the varying steam pressure it was very 
difficult to keep the head and capacity constant, but the 
errors caused by this discrepancy were compensating, because 
the steam pressure raised and dropped equal amounts from 
a mean value.
On account of the large amount of condensate that 
collected in the steam cylinders the indicators on these 
cylinders did not work as well as they would have done, 
had there been less moisture. This condensation is due, 
however, to cylinder condensation and not to moisture in 
the steam entering the cylinder.
CHAPTER III.
Conclusions.
7. General conclusions. It may be seen from the 
curves of set I, page 9, that as the indicated horse-power 
and the head on the pump increases, the water rate de­
creases. fl'hi.s is true for all four capacities. The 
curves also show that the lowest water rate of the pump 
occurs at the head of 350 feet, and a capacity of 300 gallons 
per minute.
The curves of set II and II.L, pages 10 & 11,which are 
curves of potential and thermal efficiencies plotted 
against the indicated horse-power, both show the highest
17.
efficiencies when the pump is running at a capacity of 300 
gallons per minute against a head of 350 feet.
It is interesting to note from curves of set IV,page 12, 
that the water rate decreases as the capacity increases.
The total variation in water rate between the high and low 
capacities is about 30 pounds.
From the two low capacity curves of set V,page 13, it 
may be seen that the mechanical efficiency increases rapid­
ly with an increase in delivered horse-power. The high ca­
pacity curves show that the mechanical efficiency decreases 
with an increase in delivered horse-power.
The curves of set VI,page 14, show that the duty of the 
pump increases with an increase in delivered horse-power.
Good authorities quote 80 pounds of steam per indi­
cated horse-power hour as an average water rate for 
compound direct acting pumps; they also give these same j
pumps a mechanical efficiency of 80 per cent. The values 
obtained from these tests show the water rate of this 
pump much lower than the water rate given above, thus 
showing a very economical steam consumption, ihe average 
mechanical efficiency from these tests is eoirwvhat lower 
than the value quoted by authorities.
From these data and these comparisons, it has been 
concluded that the best results can be sectired when the 
pump is running at its rated capacity of 300 gallons per 
minute and at a head of not less than 300 feet.
18.
CHAPTER IV.
Formulae and Sample Calculations of Test 6.
(10) Velocity head
/ib. of water per hr. l36P0r~ir^8T5~kffregr-UTiripe) 
64.4
f 114,870______\ 5
Us. 5 x 3600~ x 1.36/.-
p\rj
h = —2g
h
S
h = .S15 ft.
(14) Pounds of water per second from Frances’formula,
5/8cu. ft. per min. =.305 H 
H = head on weir in inches.
lb. per sec. = .305 x 6.36
5/p 68.5x - = 38.5
(18) Pounds of water per hour from plunger displace­
ment. C. E. of cylinder.
L x N x 60 x 68.53.1416 (d.? - dp^) x
4 x 144 18
d t= diameter of plunger in inches
dp= diameter of plunger rod in inches
L = length of stroke in inches
N = number of strokes per minute
Pounds of water per hour from plunger displacement.-
H.E. of cylinders.
.x —  x N  x 60 x 68.5
4 x 144 18

20
I.h.p. C.E. *= 121.2 x 11^55. x (38.48 - 2.40 )
33000
(42-49) I.h.p. of H.P. steam cylinders.
(same formulae as for water cylinders)
= 3.27
60.6 x x 50.26 x 31.75
33000 2.77
62.6 x x (go,po _ 1 ,3 4 ) x 31.75
________  13_____________________ - 2 .833000 . •
Total - 5.57# •
(49-56) I.h.p. of low pressure steam cylinders.
H .E . = M.e.p. x L  x (A - a) x N  
33000
C.E. - M.e.p. x L x (A - a) x N 
33000
I.h.p. - H.E. * 25.27 x 1 ^ 2 2  *x (113.1 - 1.34)x31.75
33000 =2.57
I.h.p.- C.E. - 23.3 x 21^22.^ (113.1 - 2.40) x 31.75X _ ___ _ —.0
33000
’.34
Total - 4.91
(57) Friction horse-power
steam i.h.p. - water i.h.p. = friction horse-power 
21.03 - 15.58 = 5.45 h.p.
(58) Delivered horse-power
Total head in ft.x lb.per minute
33000
114270 x 268.41
33000 x 60 " “ 1 5 , 5  h ‘P*
= delivered horse­power
(63) Pounds of dry steam per hour
Condensate per hr. x quality of steam = dry steam 
1020.1 x .989 = 1010 lb.
21,
(64) Pounds of dry steam per i.h.p. hour
Dry steara per hr. (lb.) 
steam i.h.p.
1010 48.lb.81.03
(65) Pounds of dry steam per water i.h.p. hr.
Dry steam per hr. (lb. ) 
water i.h.p.
1010
15.58 * 64.7 lb.
(66) Lb. of condensate per delivered horse-power hr.
Condensate per hr. (lb. )
Delivered h.p."
1020.1
“15.5 = 65.9 lb.
(67) Lb. of dry steam per delivered horse-power hr.
Dry steam per hr. (lb.)
Delivered h.p.
1010 _ 
15.5 65.1 (lb.)
(68) Mechanical efficiency -
Water i.h.p.
Steam i.h.p.
x 100 = 74 per cent
(69) Overall mechanical efficiency
Delivered h.p.
Steam i.h.p.
Il'*'03’ x 100 = 73.6 per cent.
(70) Overall thermal efficiency
lb. of water per hr. x total head (ft.) 
W ( q , +' x » r i - qg ) 778
22 .
W = lb. of condensate per hr.
q»= heat of liquid at initial pressure.
x = quality of steam at initial pressure.
r,= latent heat at initial pressure.
q?= heat of the liquid at exhaust pressure.
114,270 x 268.4 x 100=3.84 per cent1020 (32875 +.989 x 864.5 - 178.157778
(71) Duty per 1,000,000 B.t.u.
778 x 1,000,000 x overall thermal efficiency 
778 x 1,000,000 x .0384 = 29,900,000
(72) Thermal efficiency of engine based on i.h.p.
2546_______
W (q , + x. r. - q? )
W = weight of condensate per i.h.p.hr.
_______ 2546 x 21.03
1020 0328.5 + 989 X 864.5-178.0-) X 10L “ °* ‘A  per(cent
(73) Potential efficiency
2546
W(H, - )
H, = total heat in initial steam
Hg = total heat in steam after adiabatic expansion
2546 x 21.03 t ^  „„ ,
T020..( 1148T~ ~990) X 100 = 33,1 Pe r  c e n t *
Test 1
H.P. Steam N.
80# spring.
March 22,1913-- 4:25.
Test 1
L.F. Steam II 
40# spring.
March 22, 1913 - 4:25.
C.S0;'*
Test 1.
C.E. Water N.
100# spring.
March 22, 1913 - 4:25.
Test 1.
H.E. Water N.
ISO# spring.
March 22, 1913 - 4:25.
Test 7.
H.P.Steam li.
60# spring.
March 22, 1913 - 3:25.
Test 7.
L.P.Steam N.
30# spring.
March 22, 1913 - 3:25.
H
Test 7.
C.E. Winter N,
80# spring.
March 28, 191® - 3:25.
Test 7.
H.E.Water N.
100# spring.
March 22, 1913 - 3:25
Test 10.
H.P. Steam N 
60# spring.
April 10, 1913 - 4: 30.
4-
Test 10.
L.P. Steam N
40# spring.
April 10, 1913 -4:30.
Test 10.
C.E.Water N.
80# spring.
April 1C, 1913 - 4:30,
Test 10.
H.E. Water N.
100# spring.
April 10, 1913 - 4:30.
---------------------------------------------------------------------------------------------- \
Test 16.
H.P.Steam S.
40# spring.
April 5, IP 13 - 11:00
1
Test 16. 
L.F.Steam S.
20# spring.
April 5, 1913 ~ 11:00.
C.E.
j
Test 16.
C.E. Water S.
50# spring.
April 5, 1913 - 11:00.
0
ss
Test 16.
II.E.Water S.
40# spring.
April 5, 1913 - 11:00
i
w m
